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ABSTRACT 


The  srowing  trend  of  using  significant  numbers  of  small  spacecraft,  thus  enhancing  the  ^rfor- 
„7communicauon  L  furveiUance  tasks  previously  done  by  a  few  much  larger  vehicles 

has  created  a  requirement  for  low  power,  highly  efficient  pmpulsion  sy«e^  * “ 

this  class  of  small  satellites  will  require  station  keepmg  with  low  mass,  ^^t  'o  ^ 

(I-bitl  thrusters  orbital  transfer  and  rendezvous  capabihties,  multiple  orbital  plme  chang  , 
de  oAhToS^s  Small  satellites  are  not  only  mass  limited  but  also  senot^ly  power  htm  ed 
For  the  tLs  range  below  50  kg,  a  figure  of  merit  is  1  W/kg  available  for 

could  be  increased  during  orbital  transfer  or  plane  change  maneuvers.  Smafi  mass,  power  em 
cient  thrusters  (microthrusters)  need  to  be  developed. 

There  is  a  ^rowing  reabzation  that  in  many  cases  mictothrustets  wUl  not  be  simply 
™Xns  ofpresent  thrusters.  For  example,  chemical  ttasters  "onTcTpm^ 
ciency  at  smaU  scales  due  to  increases  in  ftozen  flow  and  vjscous  ‘°f  ‘“^S^f^ese 

<;inn  the  increase  in  surface  to  volume  ratio  as  the  size  decreases  makes  the  scaling 

thruiters  to  small  size,  while  maintaining  efficiency,  extremely  difficult.  In  this  P^P“-  “ 
SX^Tcalabi;  to  spacecraft  in  the  kilogram  to  hundreds  of  kilogram  range  is  discussed. 
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The  Free  Molecule  Micro-Resistojet  (FMMR)  satisfies  the  various  Usues  resultiug  tom^me 
size  reduction  and  appears  to  be  scalable  to  rather  large  size  without  penalty.  The  FMMR 
intended  primarily  for  use  as  an  attitude  control  thruster. 

As  shown  by  Muntz  and  Ketsdever^,  there  are  only  quite  modest  differences  between  the  perfor¬ 
mance  of  a  free  molecule  orifice  expansion  and  limit  isentropic  expansion  with  respect  to  Igp.  It 
nozzle  losses  (viscous  and  radial  flow),  are  taken  into  account,  the  differences  be^een  the  free 
molecule  expansion  and  the  nozzle  expansion  would  become  even  less  pronounced  For  a  given 
stagnation  temperamre  and  propeUant,  nozzles  are  decreased  in  size  to  reduce  thrust  In  order  to 
reduce  the  thrust  by  a  factor  of  ten,  but  also  maintain  the  same  level  of  viscous  losses  as  in  som 

reference  nozzle,  the  size  must  be  reduced  by  a  factor  of  10  .  Thus,  a 
mi<Tht  be  20  urn.  The  very  small  throat  size  accompanymg  efficient  reduced  thrust  operation  p 
sents  a  single  point  failure  possibility  because  of  the  potential  for  contanunants  plug^ng  the  small 
throat.  Also,  high  stagnation  pressures  require  high  pressure  storage  of  propellant  gas  or  higher 

temperature  heating  of  a  subliming  solid  or  evaporating  liquid. 

One  way  to  avoid  these  issues  is  to  operate  the  FMMR  like  the  one  shown  in  Figure  1  The  free 
molecule  condition  requires  that  the  slot  width  w  be  less  than  1/4  of  a  mo  ecular  mean  ^ee  pa 
the  stagnation  chamber.  The  design  requirement  is  to  arrange  that  the  last  surface  cont  y 
molecule  before  it  exits  through  the  slot  is  with  a  surface  held  at  the 

ture.  In  order  to  demonstrate  the  flexibility  of  the  FMMR,  a  design  that  satisfies  the  Av  and  mass 
requirement  for  a  hypothetical  0.33kg  Earth  observing  satellite  described  by  Janson  is  shown  m 
Figure  2.  This  FMMR  system  has  a  wet  mass  of  0.02  kg,  a  thrust  of  Q  A  mN,  a  ^ 

amre  of  1200  K  and  a  stagnation  pressure  of  20  Pa.  The  design  provides  for  a  10%  thruster  mass 

ratio  and  a  Av  of  100  m/s. 

An  exhaustive  examination  of  heat  loss,  surface  effects  and  stagnation  region  configuration  has 
be-un  usin-  the  Direct  Simulation  Monte  Carlo  (DSMC)  technique.^  Figure  3  shows  transla- 
Lnal  temperamre  contours  for  the  FMMR  configuration  shown  in  Figure  1 
with  a  stagnation  temperamre  of  600  K.  The  slot  width  w  is  100  ^m  for  this  calculation.  Further 
results  including  calculated  thrust  and  Isp  will  be  presented  in  the  final  manusenpt. 

The  FMMR  currently  under  consideration  will  provide  nearly  1  mN  of  thrust  and  be 
cm^  in  size  This  small  thruster  is  composed  of  five  separate  parts  m  a  stacked  configuration. 

a!;^  design  of  Use  FMMR  is  a  product  of  well  established 
(MEMS)  fabrication  techniques.  A  sketch  depicting  the  stacking  order  of 
Figure  4.  The  first  part  is  a  400  pm  thick  silicon  water  that  has  patterned  slots  which 
working  gas.  The  siots  are  100  pm  wide  at  their  base,  8.7  mm  long  and  are  spaced  1  mm  apM. 
The  second  part  is  a  100  pm  thick  sUicon  wafer  that  provides  a  nominal  spacing  between  th 

hememLd  to  heat  gas  and  the  slo..  The  third  part  is  a  «0  ltni  thick  qu^  w^ot  that 
supports  the  heaters  and  has  passages  tor  gas  flow.  Quartz  is  Kleaed 
ductivity  (1  4  W  /  m*K)  and  high  operable  temperamre  (1400  K)  properties.  Since  th 
providers  stagnation  temperature  of  up  to  1200  K  this  material  needs  to  withstand  the  bghte^ 
peratures  of  operation  as  well  as  not  teadily  conduct  heat  to  other  parts.  The  fourth  part  is  3 
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thick  quartz  plenum  section  for  the  gas  flow.  The  fifth  part  is  a  3  mm  thick  quartz  plate  that  h^  a 
6  mm  OD  glass  tube  connected  to  it  which  functions  as  the  gas  feedthrough  for  the  device.  Adja¬ 
cent  parts  in  the  stack  wiU  be  wafer  bonded  to  each  other  to  ensure  proper  sealing. 
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Figure  !:  FMMR  Design 


Earth  Observer  Described  by  S.  Janson 
-  Mass:  1/3  kg 
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Figure  2;  FMMR  Applied  to  Aerospace  Corporation  Naiiosatellite 
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Figure  3:  Translational  Temperature  Contours  for  the  Nominal  FMMR  Configuration 

with  a  Stagnation  Temperature  of  600  K. 
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